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INTRODUCTION 


The  subject  of  high  altitude  pollution  from  aircraft  is  a complicated 
one.  Since  1970,  when  the  Department  of  Transportation  requested 
Congress  to  authorize  a study  of  possible  climatic  effects  from 
SSTs,  the  Department  has  led  Federal  efforts  to  understand  the 
impact  of  high  altitude  aircraft  operations  on  stratospheric  ozone. 

In  March  of  1971,  Congress  voted  not  to  continue  funding  the  development 
of  a civil  supersonic  transport  aircraft,  in  part  because  of 
questions  regarding  possible  adverse  effects  of  SSTs  on  climate.  A 
few  months  later.  Congress  authorized  the  Department  to  carry  out 
the  Climatic  Impact  Assessment  Program,  which  came  to  be  called 
"CIAP."  Part  of  the  funds  appropriated  for  CIAP  were  used  to 
support  an  independent  study  by  the  Climatic  Impact  Committee  of 
the  National  Research  Council  (NRC).  The  final  reports  of  these 
studies  (1,  2)  were  issued  in  early  1975.  It  is  partly  because  of 
the  Department's  efforts  that  the  potential  impact  of  effects  from 
fluorocarbons,  fertilizers,  nuclear  weapons  tests  and  other  chemical 
pollutants  can  be  understood  and  appreciated. 

The  CIAP  report  concluded  that  continued,  rapid  growth  of  long- 
range,  high  altitude  aircraft  flights  could  have  potentially  serious 
environmental  effects.  It  also  stressed,  however,  that  the  problem 
is,  fortunately,  not  yet  at  the  serious  stage.  If  we  act  promptly  — 
and  we  are,  giving  the  matter  high  priority  — we  can  avoid  environmental 
degradation,  while  at  the  same  time  provide  the  growth  in  aviation 
services  demanded  by  a healthy  economy.  Though  the  report  of  the 
NRC  Climatic  Impact  Committee  differed  somewhat  on  a few  specific 
technical  details,  it  essentially  confirmed  the  CIAP  conclusions. 

With  the  publication  of  the  CIAP  findings  in  January  1975,  came  the 
announcement  by  the  Federal  Aviation  Administration  (FAA)  that  a 
high  altitude  pollution  study  would  be  developed  as  a part  of  the 
total  environmental  program  of  the  agency.  Since  CIAP  was  a wide- 
ranging  multidisciplinary  "technology  assessment,"  as  directed  in 
the  enabling  legislation,  it  did  not  provide  all  the  data  needed  to 
judge  at  what  time  there  might  exist  a need  for  regulation  of 
stratospheric  flight.  That  is  what  the  FAA's  High  Altitude  Pollution 
Program  (HAPP)  is  to  do.  Specifically,  its  objective  is  "to  quantitatively 
determine  the  requirements  for  reduced  cruise-altitude  emission 
and,  in  conjunction  with  the  Environmental  Protection  Agency  and 
the  International  Civil  Aviation  Organization,  to  ensure  that,  if 
necessary,  appropriate  regulatory  action  is  taken  to  avoid  environmental 
degradation"  (3). 

The  concerns  regarding  stratospheric  flight  fall  into  two  main 
categories:  likely  changes  in  stratospheric  ozone  amounts  and 

possible  climatic  effects.  The  nitrogen  oxides  (nitric  oxide  and 
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nitrogen  dioxide)  In  the  aircraft  exhaust  could  theoretically 
reduce  stratospheric  ozone  through  a series  of  chemical  reactions 
in  which  the  nitrogen  oxides  themselves  are  regenerated  until  their 
eventual  removal  by  chemical  and  transport  processes.  Sulfur 
dioxide  (through  forming  aerosols),  water  vapor  and  the  nitrogen 
oxides  could  affect  the  climate,  directly  or  indirectly,  by  altering 
the  radiation  transfer  processes  in  the  atmosphere.  With  this 
background  of  concerns,  FAA  has  moved  expeditiously  to  structure  a 
program  to  provide  the  basis  for  policy  decisions  in  regard  to  the 
need  for,  timing  of,  and  type  of  regulations.  This  is  the  only 
Federal  program  specifically  directed  to  the  concerns  of  stratospheric 
pollution  by  aircraft  (A). 


2.  HAPP  PROGRAM  ELEMENTS 


The  program  is  organized  under  seven  major  areas  of  work  (see 
Figure  1).  In  order  to  answer  a first  priority  question:  "What  is 
the  Immediacy  of  need  for  regulation?,"  we  have,  in  the  past  9 to 
12  months,  expanded  upon  the  data  on  engine  emissions , particularly 
with  respect  to  the  amount  at  various  flight  cruise  altitudes,  for 
the  fleet  operations  we  project  through  1990.  These  are  inputs  to 
one-and-two  dimensional  stratospheric  models.  The  output  will 
identify  the  resulting  Impact  on  ozone  and  climate.  Associated 
with  this  work  is  a definition  of  the  uncertainties  relating  to  the 
inputs  as  well  as  the  capabilities  of  the  models.  This  is  'why  we 
see  at  the  center  of  the  program  a need  to  maintain  and  continually 
update  our  capabilities  to  use  the  best  models  available.  These 
complex  computer-based  representations  are  our  best  understanding 
of  the  relationship  between  cause  and  effect  and  are  our  only  means 
of  projecting  quantitatively  the  likely  consequences  of  future 
actions.  Laboratory  work  is  required  to  maintain  an  accurate 
technical  data  base  on  important  chemical  reactions.  Reliable 
field  measurements  of  concentrations  of  key  atmospheric  gases  are 
also  needed,  both  to  verify,  and  to  provide  input  data  to,  the 
mathematical  models.  There  is  a "back-and-f orth"  exchange  among 
all  of  these  elements.  While  the  primary  utility  of  models  is  to 
diagnose  atmospheric  behavior  and  make  projections,  they  are  also 
used  in  studies  which  determine  where  the  greatest  uncertainties 
lie.  This  "feedback"  process  goes  on  continually,  providing  guidance 
in  regard  to  optimum  expenditure  of  our  resources. 


The  models  tell  us  what  the  expected  physical  result  of  emissions 
from  a given  fleet  would  be,  but  assessment  of  the  significance  of 
that  result  is  another  matter.  It  is  clearly  not  the  responsibility 
of  the  FAA  to  make  either  implicit  or  explicit  judgments  regarding 
the  "permissibility"  of  a given  amount  of  environmental  pollution. 

That  responsibility  has  been  delegated  to  other  agencies,  or  falls 
within  purview  of  Congress.  Thus,  the  FAA's  assessment  of  the 
"significance"  of  environmental  effects  projected  by  the  use  of 
models  must  be  made  with  respect  to  a prescribed  air-quality  standard 
which  we  do  not  now  have  for  the  stratosphere.  Since  these  environmental 
protection  efforts  must  have  a framework  within  which  goals  are  set 
and  assessments  are  made  on  at  least  a preliminary  basis,  the  FAA 


has  initiated  HAPP  using ^ admittedly  arbitrary,  guidelines. 


We 
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PROGRAM  ELEMENTS 


MONITORING 


I stress  that  these  are  meant  only  for  the  purposes  of  this  program, 

in  the  absence  of  any  helpful  information  from  other  Federal  or 
international  bodies.  When  appropriate  standards  are  set  in  the 
future,  FAA,  will,  of  course,  use  them.  In  the  meantime,  our  ad 
hoc  guideline  is  as  follows  (3): 

"Aircraft- induced  decreases  in  the  average  ozone-column  thickness 
in  the  Northern  Hemisphere  should  not  exceed  one-half  percent." 

(We  assume  that  air  traffic  will  be  greater  in  the  Northern  Hemisphere, 
so  that  related  environmental  changes  in  the  Southern  Hemisphere 
will  be  less.) 

The  fact  that  FAA  was  required  to  establish  this  guideline  points 
up  the  need  for  estab] ishlng  an  Internatlonally-agreed-upon  set  of 
stratospheric  air  quality  standards  for  ozone.  We  further  believe 
that  such  standards  should  take  into  account  all  presently-known 
substances  thought  to  have  a deleterious  effect  on  ozone.  This 
standards-setting  procedure  would,  then,  include  a detailed  benefit- 
cost  analysis  to  arrive  at  legislated  "allocations"  for,  as  an 
example,  ozone  reduction.  As  an  arbitrary  illustration,  it  might 
be  determined  that  a three-percent  ozone  reduction  from  all  causes 
in  the  United  States  is  the  maximum  acceptable  amount.  A detailed 
economic  analysis,  performed  in  conjunction  with  the  appropriate 
Federal  agencies  (Federal  Aviation  Administration,  Department  of 
Commerce,  etc.),  might  then  dictate  a maximum  acceptable  reduction 
of  0.5  percent  from  aviation,  1.5  peicent  for  fluorocarbons,  0.5 
percent  for  agriculture,  etc.  Realizing  these  individual  limitations 
would  then  be  the  individual  responsibility  of  the  appropriate 
Federal  regulatory  body:  FAA  for  aviation.  Department  of  Agriculture 
for  fertilizers.  Environmental  Protection  Agency  for  fluorocarbons, 
etc. 

We  stress,  in  summary,  the  following  points: 

o There  is  an  immediate  need  to  establish  a nationally  and 
internationally  accepted  set  of  air  quality  standards  for 
the  stratosphere. 

o Stratospheric  air  quality  standards  must  be  structured 

specifically  to  include  "allocations"  for  pollution  from 
all  known  causes  based  on  a detailed  technical  and  cost 
analysis . 

o Responsibility  for  ensuring  adherence  to  the  individual 

source  allocations  by  means  of  detailed  emission  controls 
or  other  actions  should  remain  with  appropriate  regulatory 
bodies,  to  ensure  maximum  benefit  at  minimum  cost  to  the 
Nation. 


On  the  ex*'reme  right  of  Figure  1,  we  have  shown  the  program  element 
which  deals  with  regulatory  policy.  Since  exhaust  emitted  into  the 
stratosphere  does  not  recognize  national  boundaries,  we  must  concern 


ourselves  with  both  national  and  International  coordination  of  our 
actions.  We  appreciate  at  the  outset  the  importance  of  this  coordination 
function. 


Finally,  a few  words  about  monitoring.  Simply  stated,  we  define 
"monitoring"  as  a long-term  series  of  measurements  of  something, 
for  the  purpose  of  detecting  trends  in  its  average  value.  To  make 
a simple  analogy,  you  can  measure  automobile  gas  mileage  on  one 
tank  of  gas.  But  in  order  to  tell  whether  your  engine  is  properly 
tuned,  you  need  to  monitor  your  gas  mileage  by  frequent  measurements 
to  be  able  to  see  when  it  starts  to  degenerate.  Atmospheric  monitoring 
is  a complex,  long-term  effort.  Monitoring  of  stratospheric  effects, 
if  it  is  to  be  useful,  must  also  be  a well-coordinated,  international 
undertaking.  We  see  our  job  as  one  of  insuring  that  aviation- 
related  concerns  are  adequately  addressed  in  National  Aeronautics 
and  Space  Administration  (NASA),  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  and  other  on-going  programs. 

In  Figure  2,  we  illustrate  the  administrative  organization  of  our 
program.  We  are  in  the  process  of  formally  establishing  a technical 
advisory  group.  This  will  be  a small  group  principally  made  up  of 
leading  workir„  scientists  and  engineers.  We  will  look  to  the 
group  for  guidance  in  apportioning  our  research  efforts  and  appraising 
the  significance  of  our  results  (4). 

3.  FY  1976,  1976T  AND  FY  1977  EFFORTS 

Brief  summaries  of  the  HAPP  efforts  in  FY  1976,  1976T  and  FY  1977 
are  given  in  Table  1. 

4.  PROCUREMENT  PLAN  FOR  FY  1978 


The  HAPP  procurement  plan  for  FY  1978  is  given  in  Table  2.  Note 
that  many  of  the  studies  cited  in  Section  3 (preceding)  have  been 
funded  in  previous  years  for  work  to  be  performed  in  FY  1978. 

Thus,  the  procurement  plan  does  not  represent  an  all-inclusive  list 
of  work  to  be  performed  in  FY  1978. 

5.  CURRENT  STATUS  OF  THE  ASSESSMENT  OF  THE  STRATOSPHERIC  EFFECTS 
FROM  A'/ 1 AT  I ON 


The  chemical  and  physical  processes  which  determine  atmospheric 
ozone  concentrations  are  very  complex  and  involve  a number  of 
substances,  both  natural  and  anthropogenic. 

a.  Chemical  Processes; 

Just  the  known  important  reactions  alone,  relevant  to  stratospheric 
ozone  chemistry,  number  well  over  a hundred,  among  several 
dozen  different  chemical  trace  species.  To  the  extent  presently 
known,  these  species  can  be  grouped  into  four  categories:  the 
oxygen-based,  water-based,  chlorine-based  and  nitrogen-based 
(the  so-called  0^,  HO^,  CIX,  and  NO^^,  respectively)  systems. 

The  nitrogen  oxides  mentioned  earlier  are  part  of  the  NO^^ 
system. 
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ADMINISTRATIVE  ORGANIZATION 


Procurement  Title  Principal  Performing  Organization 

Investigator (s) 
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Measurement  of  Stratospi;er Ic  H2O  180 
Intercomparison  of  Rocketsonde  Ozone  Measurement  50 
Analysis  of  Trace  Cases  In  Cryogenic  Air  Samples  90 
Stratospheric  Measurement  of  HO-  150 


TABLE  2 (continued) 


O O O ON 
O m CN 
ro  iH 


There  are  complex  competing  relationships  among  the  various 
ozone  production  and  destruction  reactions,  some  of  the  species 
(e.g.  leading  to  formation  of  ozone  through  the  well- 

known  "smog"  reactions  at  low  altitudes  (up  to  about  25  km  or 
so)  or  to  ozone  destruction  through  catalytic  chain  reactions 
at  higher  altitudes  (mainly  in  the  middle  stratosphere  and 
above).  Furthermore,  the  species  of  one  system  may  react  with 
those  of  another,  leading  to  "feedback"  loops  in  the  chemistry 
and  thus  either  to  reducing  or  enhancing  the  Impact  of  a given 
trace  species. 

Given  a number  of  reactant  molecules,  the  effectiveness  of  a 
chemical  reaction  between  them  can  be  expressed  through  a 
quantity  known  as  the  chemical  reaction  "rate  constant."  The 
rate  constants  are  important  input  data  for  the  atmospheric 
models,  and  information  regarding  a crucial  rate  constant  has 
become  available  only  recently:  through  the  efforts  of  the 
National  Oceanic  and  Atmospheric  Administration,  the  rate 
constant  for  the  important  reaction  of  the  perhydroxyl  radical 
(a  member  of  the  HO^  family)  with  nitric  oxide  (a  member  of 
the  NO^  family)  has  been  measured  to  be  about  forty  times 
faster  than  was  assumed  during  the  CIAP  studies.  This  measurement 
(5)  has  also  been  confirmed  by  several  independent  studies. 

Using  the  new  value  for  this  rate  constant,  the  calculated 
effects  of  aircraft  are  substantially  reduced  from  those 
expected  at  the  end  of  the  CIAP  and  National  Research  Council 
efforts.  A detailed  discussion  of  this  finding  is  to  be  found 
in  the  Appendix  to  this  report.  However,  we  have  to  await  the 
results  of  the  on-going  laboratory  determinations  of  a relatively 
small  number  of  rate  constants  before  we  can  fully  accept  the 
implications  of  this  finding. 

b . Physical  Processes: 

So  far  we  have  considered  only  the  results  of  improved — and 
Improving — chemistry  in  the  models.  The  study  of  aircraft 
effects  on  ozone  is  considerably  different  from  that  of,  for 
example,  fluorocarbons  in  regard  to  the  Importance  of  assumptions 
made  about  atmospheric  transport.  Much  of  the  important 

injection  from  aircraft  takes  place  between  about  10  and 
18  km.  This  is  the  region  of  the  atmosphere  where  ozone 
concentrations  are  almost  entirely  controlled  by  transport  (as 
opposed  to  chemistry)  and  also  where  transport  uncertainties 
are  greatest. 

Any  model  which  seeks  to  assess  the  amount  of  ozone  destruction 
associated  with  alrcraf t-NO^^  injections  must  account  for  the 
rate  at  which  the  is  removed  (upward  or  downward)  from  the 
region  of  injection.  Slmplistically,  on  a global-average 
scale,  upward  transport  from  aircraft  flight  altitudes  toward 
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the  region  of  high  ozone  concentration  will  result  in  ozone 
destruction,  while  downward  or  quasi-horizontal  transport  has 
the  opposite  effect.  Thus,  transport  uncertainties  can  place 
a fundamental  limit  on  our  quantitative  understanding  of 
aircraft  effects. 

An  effort  has  been  initiated  under  the  sponsorship  of  the  High 
Altitude  Pollution  Program  to  develop  an  objective  methodology 
for  the  calculation  of  actual  stratospheric-tropospher ic  mass 
exchange  by  exploitation  of  the  "tracer"  characteristics  of  a 
purely  meteorological  quantity  called  "potential  vorticlty." 

It  is  expected  that  development  of  this  data  set,  using  worldwide 
12-hourly  radiosonde  data,  will  provide  a truly  meaningful 
data  base  for  use  in  the  development  and  test  of  models  which 
more  realistically  represent  transport  in  the  region  of  the 
tropopause.  The  task  is  a difficult  and  challenging  one, 
which  will  take  several  years. 

c . Present  Understanding  of  Aircraft  Effects 

So  far  this  discussion  has  focused  on  NO^  effects  on  ozone, 

Wljat  about  those  of  water  which  can  lead  to  formation  of  the 
members  of  the  system?  The  fact  that  ozone  is  less  sensitive 
to  increases  than  previously  believed  means  it  must  be 
more  sensitive  to  other  perturbations.  The  CIX  species  have 
taken  up  some  of  the  "slack,"  and  has  absorbed  the  rest. 

Thus,  detailed  evaluation  of  perturbations  to  ozone  from  water 
in  aircraft  exhaust  needs  to  be  considered  once  again. 

With  the  limitations  we  have  described  here  in  mind,  we  note 
the  conclusions  we  believe  may  be  drawn  (6): 

1.  Realistic  projections  to  1990  of  air  traffic  growth  for 
the  world  subsonic  fleet  of  aircraft  Indicate  that  ozone 
is  not  likely  to  be  significantly  affected  by  those 
aircraft,  with  a marginal  increase  in  ozone  now  being 
actually  predicted. 

2.  Furthermore,  analysis  of  the  effects  of  subsonic  aircraft 
emissions  (i.e.  those  below  a nominal  15-km  altitude) 
indicates,  contrary  to  previous  studies,  that  given  our 
present  understanding  subsonic  aircraf t-NO^^  emissions 
cannot  forseeably  result  in  ozone  reduction  irrespective 
of  fleet  size  (within  reasonable  bounds). 

3.  Earlier  estimates  of  ozone  reduction  from  supersonic 
transport  emissions  of  at  17  to  20  km  appear  to 
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have  been  substantially  in  error.  Based  on  one-dimensional 
models,  which  Include  relatively  complete  chemistry  but 
treat  transport  in  a highly  parameterized  fashion,  our 
present  understanding  leads  to  predicted  ozone  perturbations 
of  an  absolute  magnitude  markedly  smaller  than  given  in 
previous  studies  (1,  2)  and  outside  their  ranges  of 
estimated  uncertainty  (factors  of  i2  to  ilO  depending 
upon  the  altitude  of  emission).  ~ 

4.  It  is  quest lonalbe  whether  NO^  emissions  from  "Concorde- 
like"  supersonic  transports  (SSTs)  (flying  at  about  17 
km)  reduce  ozone  at  all.  Present  results,  from  models 
which  consider  both  tropospheric  and  stratospheric  chemistry. 
Indicate  that  they  do  not. 

5.  The  effect  of  NO^  emissions  from  aircraft  cruising  at  20 
km  is  in  doubt,  though  small  ozone  reductions  for  very 
large  fleets  of  such  aircraft  are  still  predicted  by  some 
models. 

6.  There  is  a crucial  need  for  more  data  on  trace  constituents 
in  the  atmosphere  (especially  simultaneous  measurements 

of  NOjj  species,  and  measurements  of  HOj^  species),  for 
laboratory  measurements  of  critical  chemical  reaction 
rates,  for  development  and  use  of  uncertainty  analysis 
tools,  and  for  a better  understanding  of  transport  in  the 
10-  to  20-km  altitude  region. 

In  summary,  present  understanding  Indicates  that  there  is  no 
imminent  threat  of  ozone  reduction  from  any  type  of  existing 
aircraft,  though  substantial  uncertainties  remain.  Thus  there 
appears  to  be  no  immediate  requirement  to  develop  regulations 
which  would  mandate  a reduction  in  cruise-altitude  emissions 
of  subsonic  or  supersonic  aircraft.  There  is  a clear  necessity 
for  continued  study  to  reduce  remaining  uncertainties,  and  to 
establish  a uniform  and  Internationally  agreed  accurate  NOj^ 
emission  measurement  scheme.  Building  a framework  for  regulation 
(if  necessary)  of  future  types  of  high-altitude  aircraft,  such 
as  those  frequently  referred  to  as  a "second-generation  SST," 
or  the  even  higher  flying  hypersonic  transport  (HST) , is  also 
necessary.  Activities  of  the  new  International  Civil  Aviation 
Organization  (ICAO)  Committee  on  Aircraft  Emissions  should  be 
encouraged  to  proceed  in  an  orderly  fashion  along  these  lines. 

Aircraft  Effluents  Relative  to  Other  Threats 

Aircraft  effluents  represent  one  among  a variety  of  man's 
potential  threats  to  the  ozone  shield  or  to  the  climate. 

These  various  threats,  and  their  unique  and  common  aspects, 
are  summarized  in  Table  3,  from  which  several  points  should  be 
noted  (7): 


table  3 

A Coaparlaon  of  Anthropotcnlc  Threats  to  Osone  and  Cllaata 


1. 


Aircraft  effects,  at  least  for  currently  projected  fleets, 
have  dominant  effects  in  the  upper  troposphere.  An 
Increase  in  the  total  ozone  column  may  result  from  aircraft 
operations  leading  to  unique  and  not  necessarily  desirable 
effects.  The  upper  troposphere  is  a region  of  the  atmosphere 
which  is  not  Included  in  PL  95-95,  which  is  concerned 
only  with  the  atmosphere  above  the  tropopause;  effects  in 
this  region  are,  however,  obviously  Important  in  any 
evaluation  of  world-wide  aircraft  effects. 

2.  As  indicated  earlier,  effects  of  aircraft  effluents  are 
particularly  dependent  on  the  dynamics  and  chemistry  of 
the  atmosphere  near  the  tropopause.  As  tropopause  height 
is  strongly  variable  with  latitude  and  season,  and  aircraft 
traffic  is  concentrated  in  midlatitudes,  aircraft  effects 
computations  are  best  handled  by  models  which  include 

both  latitudinal  and  longitudinal  dimensions.  This  is 
not  presently  the  case,  though  FAA  has  initiated  efforts 
in  this  direction. 

3.  The  recovery  time  from  aircraft  effects,  should  pollutant 
reduction  be  found  to  be  necessary,  is  much  shorter  (1-5 

yr)  than  is  the  recovery  time  for  those  materials  (fluorocarbons) 
having  long  lifetimes  (50-100  yr)  in  the  troposphere. 

Any  adverse  ecological  consequence  of  erroneous  decisions 
would  thus  be  far  less  long-lasting.  Aircraft,  of  course, 
have  long  lifetimes  (20  yr)  so  that  any  sudden  imposition 
of  control  measures  would  have  severe  economic  Impacts. 
Nevertheless,  recovery  time  is  an  important  aspect  of  any 
decision-making  process. 

While  Table  3 does  not  provide  details,  it  should  be 
noted  that  the  currently  projected  largest  threat  to 
ozone  comes  from  the  fluorocarbons.  The  revisions 
in  chemistry,  mentioned  earlier,  coupled  with  the  addition 
of  previously  excluded  chemistry  have  reduced  the  apparent 
threat  to  the  ozone  column  from  aircraft  emissions. 

(These  same  revisions,  however,  have  led  to  some  Increased 
concern  with  the  effects  of  aircraft  water  vapor  (H2O) 
emissions.)  The  stratospheric  research  community  has 
come  to  recognize  the  importance  of  simultaneous  and 
coordinated  measurements  of  chemically-interactive  trace 
species  for  the  verification  of  the  chemical  part  of 
stratospheric  models.  To  this  end  the  FAA  has  initiated 
efforts  aimed  at  measuring  the  components  of  the 
system  within  the  same  air  sample. 

The  effects  of  water  vapor  emissions  depend  upon  various 
feedback  mechanisms,  among  which  are  possible  Induced 
alterations  of  stratospheric  H2O  content  due  to  changes 
in  tropopause  temperatures.  Evaluation  of  ozone  changes 
and  climate  changes  due  to  H2O  emissions  involves  new 
modeling  and  data  requirements  in  that  sources,  transports, 
sinks,  and  feedback  effects  of  water  vapor  are  not  well 


16 


understood;  the  feedback  effects  involve  difficult  multidimensional 
aspects  normally  associated  with  climate  modeling.  In  an 
effort  to  address  the  uncertainties  existing  in  modeling 
atmospheric  transport,  the  FAA  is  undertaking  a feasibility 
study  of  a global  experiment  in  which  an  inert  tracer 
will  be  Injected  into  the  atmosphere  near  the  tropopause 
and  its  distribution  observed  over  a sufficiently  long 
interval . 

The  aircraft  question  remains,  with  many  uncertainties 
still  evident;  these  uncertainties  are  in  fact  now  recognized 
to  be  larger,  in  the  strictest  technical  sense,  than  they 
were  in  December  1974  at  the  end  of  the  CIAP  efforts 
(since  there  is  now  not  only  a question  of  how  much,  but 
even  whether  there  is  an  ozone  column  reduction  which  may 
be  attributed  to  aircraft).  Reduction  in  these  uncertainties 
is  essential  if  undesirable  ecological  consequences  on 
the  one  hand,  or  unnecessary  economic  penalties  on  the 
other,  are  to  be  avoided.  Continued  and  coordinated 
effort  for  their  reduction  is  required. 
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Abstract 

The  findings  of  four  earlier  studies  (completed 
around  1975)  with  regard  to  effects  of  high-altitude 
aircraft  are  summarized.  Highlights  of  new  labora- 
tory measurements  are  discussed,  since  several  of 
these  new  measurements  have  a major  effect  on  pre- 
dictions of  aircraft  effects.  The  effect  of  trans- 
port in  the  upper  troposphere-lover  stratosphere  on 
ozone  reduction  predictions  is  reviewed  and  the 
difference  between  fluorocarbon  and  high-altitude 
aircraft  perturbations  in  this  regard  is  discussed. 
The  need  for,  and  a new  approach  to,  determining 
stratospheric-tropospheric  mass  exchange  are  pre- 
sented. A qualitative  summary  of  our  best  present 
understanding  of  aircraft  effects  on  ozone  is  pro- 
vided. This  shows  that,  at  present,  it  is  not 
possible  to  affirm  the  results  of  earlier  studies  in 
regard  to  subsonic  flight,  as  it  appears  that  flight 
at  these  altitudes  will  not  result  in  ozone  reduc- 
tion. The  case  is  less  definite  for  SST  operations; 
present  results  using  1-D  models  indicate,  however, 
that  17-km  flight  does  not  result  in  ozone  reduction, 
though  some  models  show  small  ozone  reductions  from 
20-km  flight.  We  hasten  to  point  out,  however,  that 
the  new  data  which  lead  to  this  conclusion  need 
verification  before  we  can  fully  accept  this  impor- 
tant finding.  The  need  for  additional  work  Is 
stressed,  especially  In  regard  to  developaent  and  use 
of  better  methods  to  an<ilyze  uncertainty  in  these 
complex  analyses. 

Introduction 

Until  quite  recently,  interest  in  atmospheric  ozone 
was  largely  academic.  More  or  less  regular  measure- 
ments of  this  minor  constituent  of  the  air,  about  90Z 
of  which  exists  in  the  stratosphere,  have  been  made 
since  the  mld-1920a.  But  during  the  widely  publi- 
cized public  debate  which  culminated  in  the  with- 
drawal of  Federal  financial  support  for  the  devel- 
opment of  a commercial  supersonic  transport  (SST), 
McDonald  pointed  out  that  a small  reduction  in 
average  atmospheric  ozone  concentration  would  be 
expected  to  lead  to  an  increase  in  the  incidence  of 
skin  cancer^.  At  that  time,  it  had  already  been 
claimed^  that  the  canonical  fleet  of  500  U.S.  SSTs 
would  likely  reduce  the  average  ozone  amount  by  a few 
percent.  Fears  were  also  expressed^  about  that  time 
that  persistent  stratospheric  contrails  would  result 
from  SST  operations,  effecting  a potentially  sig- 
nificant cooling  of  the  Earth's  surface. 

In  1971  the  U.S.  Congress  decided  to  terminate  com- 
mercial SST  development  funding.  But  the  continuing 
Anglo-French  Concorde  and  Soviet  TU-1A4  development 
programs,  coupled  with  the  general  environmental 
concerns  of  the  period,  gave  impetus  to  a cooperative 
International  scientific  investigation  of  the  po- 
tential seriousness  of  the  environmental  problems 
which  had  becoste  associated  with  supersonic  flight. 
Quite  early  in  ttie  formative  stages  of  this  effort, 
it  was  acknowledged  by  most  scientists  that  SSTs 
would  only  rarely  form  contrails  in  the  stratosphere, 
owing  to  that  region's  extremely  low  (typically  only 
a few  percent)  relative  humidity.  It  was  also 


pointed  out  that  the  earlier  calculations  concerning 
ozone  reduction  by  water  vapor  had  been  based  on 
unverified  assumptions  about  chemical  reaction  rates. 
But  the  "SST-ozone"  problem  had  not  been  discounted, 
since  independent  work  of  Crutzen^*^  and  Johnston^ 
had  laid  the  foundation  for  a new  source  of  environ- 
mental concern:  it  was  theorized  that  oxides  of 
nitrogen,  present  in  small  amounts  in  all  aircraft 
exhaust,  could  reduce  ozone.  Since  material  injected 
directly  into  the  stratosphere  resides  there  for 
months  to  years  (this  "residence  time"  increasing 
with  height),  it  was  argued  that  the  stratospheric 
buildup  of  oxides  of  nitrogen  (NO^)  from  SSTs  would 
result  in  a considerably  greater  ozone  reduction  than 
had  earlier^  been  attributed  to  water  vapor  emissions. 
It  was  on  investigation  of  this  phenomenon  that  the 
subsequent  international  efforts  were  centered. 

In  the  United  States,  the  Department  of  Transpor- 
tation Climatic  Impact  Assessment  Program  (CIAP)  was 
initiated  in  August  1971,  and  a parallel  independent 
effort  by  the  National  Academy  of  Sciences  (NAS)  was 
organized  shortly  thereafter.  Technical  work  on 
these  comprehensive  programs  was  completed  by  late 
1974,  and  the  final  reports  of  the  CIAP^  and  NAS^ 
studies  were  released  in  early  1975.  In  the  United 
Kingdom,  the  Committee  on  Meteorological  Effects  of 
Stratospheric  Aircraft  (COMESA)  was  formed  and 
conducted  a similar  study  from  1972  to  1975,  its 
report^  being  released  some  months  after  the  U.S. 
reports.  During  this  time,  the  Comite  sur  les 
Consequences  des  Vols  Stratosphcrlques  (COVOS)  in 
France  also  conducted  a major  study,  its  final 
report^  having  recently  been  made  available.  In 
general,  the  results  of  these  studies  were  in  good 
agreement.  Table  1 shows  a summary  of  their  results 
concerning  ozone  reduction  from  SST  operations.  Note 
that,  to  facilitate  comparison,  we  have  normalized 
all  input  parameters  concerning  aircraft  emission 
factors  (18  g of  NOj^  per  kg  of  fuel  burned),  cruise 
fuel  consumption  (19,100  kg  per  hour),  flight  alti- 
tude (16.5  km)  and  annual  cruise  time  (4.4  hours  per 
day  in  the  stratosphere,  365  days  per  year — an 
implicit  fleet  average  aircraft  utilization  on  the 
order  of  8 to  9 hours  per  day) . These  values  were 
those  concluded  by  the  CIAP  study  to  be  realistic, 
and  we  characterize  the  aircraft  in  this  discussion 
as  "Concorde-like"  to  distinguish  it  from  radically 
different  designs  (like  that  of  the  1971  Boeing 
2707).  We  also  intend  this  "normalized"  aircraft  to 
broadly  represent  the  TU-144,  insofar  as  its  reported 
characteristics^^  are  quite  similar. 

Table  1:  Size  of  "Concorde- like"  SST  Fleet  (see  text) 
Required  to  Reduce  Average  Northern  Hemi- 
spheric Ozone  Concentrations  by  0.5X  After 
Several  Years  of  Continous  Operation. 

Name  of  Study  Number  of  Aircraft 


CIAP  (7) 

120 

NAS  (8) 

80 

COMESA  (9) 

AAO 

COVOS  (10) 

330 

Th«8«f  studies  concerning  "SST-ozone"  effects  carried 
okijor  implications  for  subsonic  aircraft  operations 
In  their  final  reports.  This  was  particularly  true 
for  the  CIAP  and  NAS  studies;  the  COMESA  report  was 
not  as  comprehensive  In  this  regard  and  the  COVOS 
report  presented  no  quantitative  estltaates  of  the 
subsonic  aircraft  effect  on  ozone.  Note  tliat  the 
delineation  between  subsonic  and  supersonic  flight  is 
actually  artificial — it  la  flight  altitude  which  Is 
of  concern.  Much  long-range  subsonic  flight  occurs 
In  the  lower  stratosphere.  Extrapolations  of  high- 
altitude  (20  km)  SST  effects  to  as  low  as  9 km 
Indicated  that  subsonic  aircraft  would  also  (and 
presently  do)  reduce  ozone  levels.  The  unit  re- 
duction of  ozone  on  a **per-alrcraf t"  basis  was 
calculated  to  be  considerably  smaller  than  that  for 
SSTs,  however,  primarily  because  the  "residence  time" 
of  pollutants  Injected  at  such  low  altitudes  was 
relatively  short  and  hlgh-altltude  stratospheric  NO^ 
concentrations  would  not  be  so  severely  perturbed  as 
In  the  case  of  SST  flight. 

The  subsonic  aircraft  results  are  shown  in  Table  2 
(normalized  by  us  for  clarity,  as  with  Table  1).  The 
characteristics  assumed  for  the  ''197A"  subsonic  fleet 
(called  the  "present"  subsonic  fleet  by  CIAP)  were  as 
follows^:  1,217  "B-707-llke"  aircraft,  with  crulse- 
NO  emissions  of  6 g/kg  of  fuel  burned,  average  of 
5,245  kg/hr  cruise  fuel  consumption;  232  '*DC-10/  L- 
lOll-type”  aircraft  with  crulse-NOj^  emissions  of  15 
g/kg  of  fuel  burned,  average  of  7,482  kg/hr  cruise 
fuel  consumption;  232  "B-747-type"  aircraft  with 
crulse-NOy  emissions  of  15  g/kg  of  fuel  burned, 
average  o?  10,219  kg/hr  of  cruise  fuel  consumption; 
all  cruising  at  11  km  for  5.4  hours  per  day,  365  days 
per  year.  For  the  "747-S?-type"  aircraft,  "B-747- 
type"  characteristics  were  assumed,  but  the  cruise 
altitude  assumed  was  13.5  km.  This  produced  a major 
difference  in  estimated  ozone  reduction,  as  shown  In 
Table  2. 

Table  2;  Estimated  Northern  Hemisphere  Ozone 

Reductions  From  Various  Postulated  Subsonic 
Aircraft  Fleets  for  Different  Studies 

Study  (Ref)  Percent  N.  Hemisphere  Ozone 

Reduction 


required  to  keep  stratospheric  ozone  reduction  for 
the  CIAP-est imated  fleet  below  0.5Z  by  about  1990  was 
placed  at  about  $7  billion  (1976  dollars)  by  one 
respected  airline  executive^ This  was  nearly  an 
order  of  magnitude  more  than  the  Investment  similarly 
calculated  to  be  required  to  ensure  the  same  level  of 
environmental  protection  from  the  CIAP-est imated 
"upper  bound"  SST  fleet  of  that  time.  Clearly,  these 
matters  deserved  further  study.  The  "upper-bound" 
fleet  growth  projection  of  CIAP  for  SSTs  was  widely 
discounted  as  unrealistic,  but  the  same  was  not  so 
for  the  CIAP  subsonic  fleet  projection  (though  It, 
too.  Is  believed  to  be  overly  optimistic). 

Further  U.S.  studies  were  Initiated  in  1975^^  by  the 
Federal  Aviation  Administration  (FAA) , under  its  High 
Altitude  Pollution  Program  (HAPP) . The  HAPP  objective 
is  to  reduce  the  scientific  uncertainties  in  the 
above  described  predictions  of  aircraft  effects,  in 
order  to  develop  a solid  technical  understanding  of 
these  factors  as  a basis  for  Federal  aviation  policy 
development.  Similar  studies  have  also  been  con- 
tinued in  the  United  Kingdom  and  France,  having  been 
spurred  by  the  February  4,  1976,  decision  on  Con- 
corde^^  and  the  resultine  Tripartite  Agreement  on 
Stratospheric  Monitoring*^.  As  a reference  point. 
Figure  1 summarizes  graphically  the  results  of  the 
four  "SST  studies"  briefly  described  above^^. 


OZONE  COLUMN  CHANGE.  PERCENT 


"1974  CIAP  Fleet" 


CIAP  (6) 
NAS  (7) 
COMESA  (6) 
COVOS  (9) 


100  "747-SP-typc" 
aircraft 


CIAP  (6) 
NAS  (7) 
COMESA  (8) 
COVOS  (9) 


0.09 

0.10 

0.024 

Not  available 


0.08 

0.16 

Not  available 
Not  available 


Practically  speaking,  the  impllcatlona  of  the  flnd- 
ir*gs  suamarlzed  above  were  actually  far  more  aerious 
In  the  near  term  for  Che  aubaonlc  aircraft  fleet  than 
for  supersonic  aircraft,  since  the  posaibillty  was 
thus  raised  that  major  combustion  ayatem  redesigns 
%iruld  soon  need  to  be  accomplished  for  a large  number 
of  aircraft.  At  a ClAP-eaC Isuitcd  coat  of  $50  million 
for  research,  developownl  and  certification  of  such  a 
system,  plus  added  hardware  and  maintenance  coats, 
the  upper-bound  estimate  of  the  total  Investment 


Figure  1:  Ozone  column  change  results  by  various 
models.  The  Injection  rate  assumed  at  each  altitude 
is  1.23  X 10^  kg  NOjj  (as  NO2)  per  year  into  a hemi- 
sphere. The  NAS  and  CIAP  curves  are  based  on  1-0 
model  results,  adjusted  to  correspond  Co  changes  Co 
be  expected  in  the  "hemisphere"  (NAS)  or  "corridor" 
(CIAP) . Points  for  COMESA  (X)  and  COVOS  (0)  are 
calculated  as  explained  in  text  (after  Oliver  et 


In  this  paper,  we  summarize  the  highlights  of  the 
current  status  of  our  understanding  of  the  effects  of 
hlgh-altltude  flight  on  ozone.  Major  factors  In  our 
perceptions  of  important  atmospheric  chemical  re- 
actions are  reviewed,  as  are  the  relationships 
between  aircraft  and  fluorocarbon- re  la ted  strato- 
spheric pollution.  Gaps  In  our  knowledge  and  some  of 
the  remaining  scientific  uncertainties  arc  outlined, 
and  requirements  for  near-term  research  prCsented 
aloi g with  some  conclusions. 


Considerations  of  Chemistry 

In  his  classic  work,  Chapman^^  presented  a theory 
explaining  the  presence  of  stratospheric  ozone  (O3) 
which  relied  only  on  chemical  reactions  among  O3, 
oxygen  atoms  (0)  and  oxygen  molecules  (O2)  in  the 
presence  of  a neutral  third  body — "M" — fueled  by 
solar  ultraviolet  energy.  This  "pure  oxygen"  chem- 
istry explained  how  ozone  absorbed  solar  ultraviolet 
energy  (hv)  — thereby  shielding  the  earth  from  most  of 
this  radiation. 


O2  + hv  .■ 

20 

(1) 

(hv  below  2A0  nm) 

0 + O2  + M » 

O3 

+ 

M 

(2) 

O3  + 0 

O2 

+ 

0 

(3) 

Oj  + hv  ♦ 

O2 

+ 

0 

(4) 

(hv  below  llAO  nm) 

Ozone  is  destroyed  by  reaction  3 and  reformed  by 
reactions  1 and  2.  Reaction  A usually  results  in 
rapid  refori&ation  of  ozone  via  reaction  2. 

As  measurcnents  of  ozone  improved,  it  became  clear 
that  there  was  less  ozone  in  the  stratospliere  than 
Chapman  chemistry  alone  had  explained,  and  "something 
else"  must  account  for  additional  ozone  destruction, 
as  clearly  shown  by  Johnston^^.  More  than  20  years 
ago,  Hampson,  among  others,  proposed^^  that  loss  of 
ozone  by  reaction  with  active  hydrogen  ("water-based" 
or  HO^)  species  might  be  Important  in  this  regard,  a 
theory  later  explored  further  by  Hunt^^.  Logical 
extensions  of  this  theory — flawed  by  erroneous 
asKumpcions,  as  mentioned  earlier — led  to  the  belief 
that  stratospheric  water  from  SSTs  would  increase  the 
natural  fraction  of  ozone  destruction,  resulting 

in  anthropogenic  ozone  decreases^.  At  about  the  same 
time  that  the  early  assumptions  in  water-based 
chemistry  were  re-examined  Crutzen^  and  Johnston^ 
called  attention  to  the  NO^  problem,  as  summarized 
earlier.  Crudely,  the  NOj^  and  HO  destruction  of 
ozone  may  be  suimarized  in  simplified  fashion  as 
follows^: 


O3  + h . 

(hv  t elow 
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Reactions  6 and  11  are  the  major  sources  of  hydroxyl 
radicals  (HO),  which  can  also  be  formed  by  reaction 
of  excited  oxygen  atoms  O(l^D)  with  methane  (CH^)  and 
hydrogen  molecules  (H2).  In  turn,  the  HO  reacts  with 
ozone  (via  reaction  7)  to  produce  perhydroxyl  rad- 
icals (HOO) . Both  1100  and  HO  destroy  ozone  directly 
(e.g.  reactions  7 and  8)  and  indirectly  by  Inter- 
ference with  reaction  2 (reactions  9 and  10).  In  the 
NOx  cycle,  ozone  destruction  (i.e.,  In  effect, 
reaction  3)  is  catalyzed  by  reactions  12  and  13,  with 
reaction  lA  actually  leading  to  small  ozone  pro- 
duction (via  reaction  2)  in  the  upper  troposphere  and 
lower  stratosphere.  Reaction  15  breaks  the  chain  of 
catalytic  ozone  destruction  formed  by  reactions  12 
and  13  and,  since  HNO3  is  quite  water  soluble,  is  the 
major  "sink"  mechanism  for  stratospheric  oxides  of 
nitrogen.  (HNO^  diffuses  to  the  troposphere  where  it 
can  be  removed  by  rain,  usually  after  thousands  of 
ozone  molecules  liave  been  destroyed  by  the  original 
NO2  molecule.)  Note  that  while  HNO3  is  in  the 
stratosphere,  reaction  16  serves  to  demonstrate  that 
HNO3  only  "buffers"  the  destruction  of  ozone, 
since  it  may  be  photolyzed  to  yield  NO2  and  HO. 

In  the  course  of  these  studies  it  was  recognized  by 
Stolarski  and  Cicerone^®,  among  others,  that  chlorine 
atoms  could  also  "catalyze"  ozone  destruction  by  a 
mechanism  parallel  to  the  NOj^  cycle: 


Cl  + O3  CIO  + O2  (17) 
CIO  +0  > Cl  + O2  (18) 
Cl  + CH^  -*■  HCl  + CH^  (19) 
HO  + HCl  H2O  + Cl  (20) 


The  Initial  Importance  of  ClOj^  reaction  cycle  was 
thought  to  be  with  regard  to  the  NASA  Space  Shuttle 
booster  rocket,  which  contains  HCl  in  its  exhaust. 
Thus,  chlorine  would  be  released  in  an  already 
"buffered"  form  (HCl)  in  the  stratosphere,  but 
reaction  20  would  produce  the  catalysts  for  reactions 
17  and  18  until  the  HCl  was  removed  by  ralnout. 

Concern  about  this  problem  (50  Space  Shuttle  launches 
per  year  have  been  estimated^ ^ to  reduce  ozone  by 
only  a small  fraction  of  IZ)  was  soon  dwarfed  by  the 
now  famous  discovery  of  Molina  and  R'^wland  that  vast 
iimounts  of  stratospheric  chlorine  would  be  released 
by  photolysis  of  fluorocarbons  (CFCI3  and  CF2CI2. 
sometimes  referred  to  as  "Freon"  or  F-11  and  F-12, 
respectively).  It  is  this  latter  source  of  ozone 
reduction  that  has  dominated  public  attention  and 
research  for  the  last  two  years. 

Clearly,  a number  of  substances,  natural  and  anthro- 
pogenic, are  involved  in  ozone  chemistry.  When  all 
of  the  known  Important  reactions  affecting  strato- 
spheric ozone  are  noted,  they  actually  number  around 
100  or  so  and  involve  several  dozen  different  chemical 
species  depending  upon  the  details  of  the  question 
one  wishes  to  pursue.  Two  important  general  consid- 
erations deserve  special  attention:  the  complex 
competing  relationships  among  the  various  ozone 
production  and  destruction  reactions,  and  the  un- 
certainties in  our  ability  to  quantitatively  predict 
(i.e.,  mathematically  "model")  the  system's  behavior. 

It  is  implicit  in  the  above  that  the  natural  HO^, 

ClOx  and  NO^  systems  must  be  "balanced"  in  the 
absence  of  anthropogenic  influences,  since  there  is 
only  a fixed  amount  of  ozone  that  represents  the 
excess  of  ozone  production  over  ozone  loss  by  the 


Chapman  aysCem  (reactions  1 thru  A).  In  addition  to 
being  balanced,  these  systems  are  closely  coupled, 
both  directly  and  indirectly.  For  example,  reaction 
IS  removes  both  HO  and  NO2  from  their  respective 
catalytic  ozone  destruction  cycles— reactions  7 and 
8,  and  reactions  12  and  13.  In  the  case  of  NO2*  for 
example,  this  slows  down  the  speed  of  catalytic 
destruction  of  ozone,  since  the  rate  at  which  re- 
action 13  proceeds  determines  the  amount  of  ozone 
destruction  which  will  be  realized.  Reaction  13  is 
thus  sometimes  termed  the  "rate-limiting"  step.  But 
such  a simplified  view  of  things  must  be  formed  and 
interpreted  only  with  great  caution.  In  the  simple 
catalytic  cycles  which  we  described  above,  such  an 
analysis  may  be  valid.  But  we  are  now  beginning  to 
recognize  the  complexity  of  the  real  atiDOspheric 
system.  Not  all  of  the  important  chemical  subsystems 
are  simple  two-reaction  mechanisms  which  proceed 
perhaps  thousands  of  times  before  one  of  the  con- 
stituents is  rtuBoved  (e.g.  by  HO  + NO2  + M *■  HNO^). 
Many  of  the  reaction  sequences  involve  half  a dozen 
or  more  steps,  with  alternative  reaction  pathways  at 
more  than  one  point  along  the  way.  These  more  complex 
reaction  sequences  can  be  of  major  Importance  to  the 
overall  stratospheric  ozone  balance,  and  do  not  lend 
themselves  to  simple  inalysls.  Complex  models  must 
be  brought  to  bear  on  the  problem,  and  their  results 
carefully  interpreted. 

To  resort,  for  the  sake  of  example,  to  simple  reci- 
tations of  the  coupling  process  we  describe,  consider 
that  the  following  reactions  are  all  of  some  impor- 
tance in  attempting  to  model  stratospheric  chemistry: 


HO  + NOj  + M 

^ HNO3  + M 

(15) 

HO  + HCl 

> H^O  + Cl 

(20) 

CIO  + NO2  + M 

. CIONO2  + M 

(21) 
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•»  HO  + NO2 
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is  clesr  lliat. 

in  addition  to  ClO^j, 

HO^  and  NO, 

directly  reacting  with  ozone,  the  reaction  of  many 
forms  of  these  species  directly  with  each  other  may 
be  of  importance.  The  importance  of  reactions  13  and 
20  was  discussed  earlier.  Including  reaction  21  is 
of  major  Importance  to  those  attempting  to  understand 
the  effects  of  fluorocarbon  release  on  ozone,  and  is 
presently  responsible  for  a reduction  of  the  cal- 
culated ozone-destruction  effectiveness  of  chloro- 
f luorocarbons  by  about  a factor  of  2 (i.e.  to  30Z  of 
v'hat  would  be  computed  without  this  one  reaction). 
Kt-actlon  22  is  important  now  because  it  had  pre- 
viously been  thought  to  proceed  at  a rate  approxi- 
mately 20  times  slower  tiian  was  recently  measured  by 
Howard  and  Cvenson^^.  Using  the  newly-measured  rate, 
the  calculated  effects  of  aircraft  are  dramatically 
reduced.  (The  rapid  rate  of  this  reaction  also 
causes  a re-evaluation  of  other  Important  reaction 
rates  which  had  earlier  been  estimated  by  inter- 
preting experiments  providing  only  data  on  ratios  of 
the  rate  constants.  Thus,  the  measurement  of  Howard 
and  Evenson  Ims  a major  effect  on  several  rate  con- 
stants.) Reaction  23  terminates  the  HO  catalytic 
ozone-destruction  chain  but,  since  a balance  among 
ozone  destruction  meclianlsms  must  be  maintained,  the 
recently  accepted^^  slower  rate  for  this  reaction 
shifts  a significant  amtmnt  of  calculated  ozone 


reduction  from  to  HO^.  Reaction  24  short-cir- 
cuits both  the  NO^  cycle  and  the  ClOjj  cycle,  and  is 
thus  of  importance  to  both. 


With  the  kinds  of  complexity  described  above,  simple 
uncertainty  analyses  should  not  be  expected  to  produce 
meaningful  answers.  Indeed,  it  is  Instructive  to 
note  that  the  large  uncertainties  now  recognized  in 
our  understanding  of  stratospheric  chemistry  were  not 
explicitly  recognized  in  cither  the  CIAP,  NAS,  COMESA 
or  COVOS  reports  discussed  earlier.  At  their  writing, 
attention  was  focused  on  atmospheric  transport  un- 
certainties, which  accounwed  for  most  of  the  uncer- 
tainty assigned  to  the  final  result  in  both  the  CIAP 
and  NAS  studies.  In  large  part,  this  was  due  to  a 
conceptual  difficulty:  one  can  measure  the  uncer- 
tainty of  something  relative  to  a "true"  value,  but 
if  one  doesn't  know  "the  truth,"  how  can  one  estimate 
the  uncertainty  of  one's  limited  knowledge?  To  our 
knowledge,  only  one  serious  attempt  at  an  uncertainty 
estimate  has  been  published  in  the  referred  literature, 
that  by  Duewer  et  al^^.  (For  a complete  discussion, 
one  is  also  referred  to  Johnston  and  Nelson's  com- 
mentary2A  on  that  paper,  and  the  accompanying  reply 
by  Duewer  et  al25.) 


Duewer  et  al.  present  a series  of  model  experiments 
in  an  attempt  to  examine  the  sensitivity  of  model- 
calculated  ozone  reduction  for  a given  stratospheric 
NO^  injection.  The  model  did  not  include  chlorine 
reactions,  and  used  the  reaction-rate  estimates  and 
uncertainties  assigned  by  Hampson  and  Garvin^^, 
which  were  the  basis  of  CIAP  and  NAS  computations 
as  well  as  the  principal  source  of  data  for  modeling 
studies  under  COMESA  and  COVOS.  In  brief,  they  found 
a startling  sensitivity  to  uncertainties,  even  when 
only  a small  number  of  rates  were  considered.  Care- 
fully stressing  that  they  did  not  really  believe  that 
it  was  realistic,  they  showed  that  if  one  were  to 
minimize  the  ozone-destroying  effect  of  only  three 
reactions  (but  remain  within  the  bounds  of  uncer- 
tainty earlier  established  for  each  reaction  by 
Hampson  and  Garvin),  flight  of  "Concorde-like"  (our 
term)  SST  aircraft  would  actually  increase  ozone. 
Adopting  the  1976  NAS-assumed^^  value  for  only  one  of 
these  reactions  (here  denoted  reaction  23)  caused  a 
reduction  in  the  calculated  effectiveness  of  strato- 
spheric NO^  by  a factor  of  2.  Their  conclusions 
pointed  up  the  caution  which  must  be  used  in  this  new 
area  of  atmospheric  science,  and  indicated  that  more 
accurate  determinations  of  much  of  the  existing 
chemical  reaction-rate  data  are  sorely  needed,  for 
HO2  + HO2  and  our  reactions  8,  15,  22  and  23.  The 


reaction  HOO  + NO-j 


H00N0->  was  not  included  in  this 


study,  and  may  also  be  of  importance. 


Transport  Parameterizations 

The  study  of  aircraft  effects  on  ozone  is  consider- 
ably different  from  that  of  fluorocarbons  on  ozone  In 
regard  to  the  importance  of  assumptions  made  about 
atmospheric  transport.  Briefly,  fluorocarbons  are 
inert  at  altitudes  below  about  30  km,  above  which 
they  are  photolyzed  by  solar  ultraviolet  radiation  to 
produce  chlorine.  The  length  of  time  it  takes  the 
average  fluorocarbon  molecule  to  reach  this  altitude 
is  quite  long,  on  the  order  of  several  decades.  The 
active  life  of  the  chlorine  atom  in  terms  of  ozone 
destruction,  however,  is  much  shorter,  on  the  order 
of  a couple  of  years.  The  former  (upward)  transport 
time  results  from  the  fact  that  surface  releases  must 
first  uniformly  mix  in  the  lower  atmosphere,  slowly 
"filling  it  up"  to  some  equilibrium  level,  before  the 
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material  can  reach  upper  stratospheric  regions  in 
significant  amounts.  Thus,  the  equilibrium  amount 
of  inert  fluorocarbons  is  first  realized  in  the 
lower  atmosphere  before  it  Is  achieved  in  the  upper 
regions  of  the  stratosphere.  Once  a chlorine  atom 
is  released  in  this  upper  stratospheric  source 
region,  however,  an  inverse  situation  exists.  The 
atmosphere  then  fills  "from  the  top  down."  Since 
the  chlorine  is  only  active  in  the  stratosphere*- 
which  constitutes  about  102  of  the  atmospheric 
mass— it  is  relatively  rapidly  (on  the  order  of  2*3 
years)  removed  to  the  troposphere  and  rained  out  (as 
HCl).  The  details  of  the  upward  and  downward  trans* 
port  are  of  little  importance.  Whether  it  takes  90 
years  or  100  years  for  the  average  fluorocarbon 
molecule  to  reach  heights  where  it  may  be  photolyzed 
is  clearly  irrelevant.  Similarly,  estimates  of 
downward  transport  of  such  high-altitude  "injections" 
(via  photolysis)  of  chlorine  have  been  made  with  an 
accuracy  sufficient  to  establish  the  magnitude  of 
chlorine  destruction  that  will  occur,  f-'or  fluoro- 
carbons, then,  uncertainties  in  chemistry  (and 
particularly  in  the  validity  of  the  assumption  of 
their  lower-atmospheric  inertness)  far  outweigh  any 
transport  uncertainties,  owing  to  the  altitude  of 
the  "injection"  of  the  active  species. 

Such  is  not  the  case  for  aircraf t-NOj^  injections 
which  take  place  between  about  10  and  18  km.  This 
is  the  region  of  the  atmosphere  where  transport 
uncertainties  are  greatest  (for  consideration  of 
average  global-scale  mixing).  Here  the  tropopause 
is  defined  as  the  dividing  line  between  stratosphere 
above  and  troposphere  below,  and  its  location  is 
usually  assigned  to  a well-defined  inflection  point 
in  the  lapse  rate.  Figure  2 shows  a good  example  of 
why  one  cannot  term  the  tropopause  well  behaved:  it 
is  highly  variable  in  space  and  time. 
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Figure  2:  Monthly  mean  tropopause,  longitude  78^W, 
Northern  Hemisphere. 

Any  model  which  seeks  to  assess  the  amount  of  ozone 
destruction  associated  with  aircraft-NO^  injections 
must  account  for  the  rate  at  which  the  NO,^  is  re- 
moved (upward  or  downward)  from  the  region  of  in- 
jection. Simplistically , on  a global-average  scale, 
upward  transport  from  aircraft  flight  altitudes 
toward  the  region  of  high  ozone  concentration  will 
result  in  ozone  destruction,  while  downward  or 
quasi-horizontal  transport  has  the  opposite  effect. 
Thus,  transport  uncertainties  can  place  a funda- 
mental limit  on  our  quantitative  understanding  of 
aircraft  effects. 


Small-scale  turbulence  is  one  form  of  atmospheric 
motion  that  imnediately  comes  to  mind,  but  a proper 
analysis  must  also  take  into  account  mean  meridional 
(north-south)  motions,  transient  disturbances 
propagated  upward  from  the  troposphere  (as  from 
hurricanes),  "gravity  waves"  and  "quasl-staClonary 
waves."  Unfortunately,  these  motions  do  not  operate 
independently,  and  again  we  are  forced  to  employ 
mathematical  models  as  predictive  tools.  Atmospheric- 
circulation  models  which  are  based  on  fundamental 
physical  principles,  and  explicitly  treat  time- 
dependent  motions  in  all  three  dimensions  are  called 
general-circulation  models  (GCMs)  . Some  GCMs  have 
been  shown  to  represent  the  major  atmospheric 
processes  reasonably  well  in  the  region  of  our 
interest,  as  described  by  Smagorinsky^^.  (An  ex- 
cellent review  of  the  general  field  is  also  provided 
by  the  National  Academy  of  Sciences^^.)  GCMs  are, 
unfortunately,  massive  and  complex  constructs  which 
require  at  least  several  years  of  dedicated  effort 
to  properly  design,  construct  and  test  before  they 
can  be  used.  Calibration  tests  have  demonstrated 
that  some  of  these  models  are  able  to  simulate  the 
behavior  of  atmospheric  trace  substances  well  enough 
to  give  confidence  in  their  usefulness  as  predictive 
tools,  and  at  least  one  (that  described  In  reference 
30)  is  currently  being  used  at  the  Geophysical  Fluid 
Dynamics  Laboratory  to  predict  dispersion  and  trans- 
port of  high-altitude  aircraft  exhaust  (private 
connunication,  J.  D.  Mahlman,  1977).  The  complexity 
of  these  models,  however,  coupled  with  their  present 
inability  Co  include  many  chemical  reactions  owing 
to  computational  size  limitations,  naturally  leads 
to  a desire  for  physically  and  statistically  valid 
sifflplif ications.  One  example  of  a simplified 
three-dimensional  model  is  Che  quasi-geostrophtc 
spectral  model  of  Cunnold  et  al^^.  The  low  spatial 
resolution  of  such  models,  however,  gives  cause^^ 
for  concern  over  their  ability  to  adequately  simu- 
late stratospheric  behavior,  since  a significant 
aoiount  of  tropospheric  kinetic  energy  is  found  on 
relatively  small  scales  (above  planetary  wave 
number  6)  and  may  significantly  affect  stratospheric 
circulation. 

Another  possible  method  to  reduce  computational 
complexity  is  to  "average  out"  presumably  less 
Important  motions,  as  is  done  in  "two-dimensional" 
(2-D)  and  "one-dlmenslonal"  (1-D)  models.  The  2-D 
models  explicitly  treat  only  north-south  and  ver- 
tical motions,  whereas  1-D  models  explicitly  treat 
only  the  global-average  vertical  motion  components. 

Unfortunately,  there  has  yet  to  be  found  an  incon- 
trovertibly  "correct"  basis  for  the  "parameterl- 
zatlons"  which  must  be  employed  in  simplified  models 
of  any  dimension.  The  more  simplified  the  model, 
the  more  highly  parameterized  it  must  be,  and  the 
more  cautious  one  must  be  in  interpretation  and  use 
of  its  results.  Simplified  models  are  largely  based 
on  intuition  and  phenomenology. 

The  most  widely  used  models  for  studies  of  aircraft 
effects  have  been  the  1-D  models.  These  are  highly 
parameterized  transport  models  but,  because  of  their 
ability  to  explicitly  include  virtually  all  important 
chemistry,  they  have  proven  highly  useful*  Most 
employ  a "vertical  eddy-diffusion"  formulation, 
which  describes  global-  (or  hemispheric-)  average 
net  vertical  transport  of  substances,  and  is  based 
on  an  engineering  fit  of  some  kind  to  a trace- 
constituent  concentration  profile  (the  "tracer"). 
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(The  eddy-dlf fusion  coefficient,  empirically  deter- 
mitted  by  a fit  to  actual  data,  when  multiplied  by 
the  local  mean  tracer  gradient,  is  equal  to  the 
local  tracer  flux.)  An  excellent  description  of  the 
derivation  of  one  such  eddy  diffusion  coefficient 
(not  specifically  designed  to  treat  aircraft  effects) 
Is  given  In  Appendix  B of  reference  27.  (The 
"stretching,"  "smoothing,"  "adjusting,"  "fitting," 
'Shifting"  and  "assuming"  described  therein  are 
instructive,  especially  for  their  Implications.) 

Unless  an  eddy-dlffualon  coefficient  is  specif- 
ically derived  f nxn  mathematical  Inversion  of  a 
truly  Inert  atmospheric  tracer — and  none  presently 
employed  falls  Into  this  category--lt  Is  not  con- 
sistent to  continue  to  employ  the  diffusion  co- 
efficient after  changing  any  chemical  reaction 
subroutines  which  directly  or  Indirectly  affect  the 
calculated  concentration  of  the  "tracer."  For 
example,  diffusion  coefficients  based  on  inversion 
of  the  concentration  vs.  altitude  profile  of  CH^, 
when  the  assumed  rate  of  reaction  for  HO  + HOO  was  2 
X 10“10  mol  cm^  sec'l,  are  no  longer  strictly  valid 
when  the  assumed  reaction  rate  Is  changed  to  2 x 10~^^ 
(Reaction  with  HO  is  an  Important  upper-stratospheric 
loss  mechanism  for  CH^.)  This  point  of  Internal 
inconsistency  of  the  present  approaches  to  1-D 
oK'deling  Is  apparently  of  little  concern  to  most 
researchers.  Since  the  Implied  uncertainties  which 
result  have  never  been  explicitly  explored,  we  again 
point  out  the  need  for  caution  in  Interpretation  of 
the  results. 

More  to  the  point,  however.  Is  the  fact  that  there 
does  not  presently  exist  a data  set  which  can  be 
used  to  derive  an  adequate  parameterization  of 
transport  in  the  10-  to  20-km  region.  This  arises 
from  the  fact  that  the  data  set  should  concern  a 
species  whose  chemical  life  is  appropriately  matched 
to  transport  times  In  that  region.  The  concen- 
tration profiles  which  form  the  data  set  must  be 
highly  accurate,  and  a globally  representative  set 
acquired  over  at  least  several  years  must  be  avail- 
able. In  addition  to  those  requirements,  all 
significant  chemical  sources  and  sinks  of  the 
constituent  must  be  known,  in  order  not  to  falsely 
ascribe,  for  example,  concentration  decreases 
arising  from  unkno%/n  chemistry  to  rapid  transport 
out  of  the  region  under  study. 

When  all  Is  said  and  done,  the  1-D  models  must  be 
regarded  as  extremely  powerful  tools,  if  properly 
used.  They  have  been  used  to  estsblish  the  likely 
importance  of  individual  chemical  reactions,  the 
apparent  senslrlvlty  of  stratospheric  chemistry  to 
uncertainties  in  reaction  rates,  and  the  approximate 
natural  concentration  of  atmospheric  trace  con- 
stituents. Unfortunately,  in  the  case  of  aircraft, 
the  state  of  our  knowledge  (and  the  Increasingly 
<^creaslng  calculated  sensitivity  of  stratospheric 
osone  to  MOjj  injections)  forces  us  to  Increase  our 
emphasis  on  the  Importance  of  developing  higher 
dimensional  models.  Though  It  Is  not  clear  that  J-D 
models  are  more  accurate  than  1-D  models  in  this 
..-ontext,  the  ability  in  principle  to  more  completely 
treat  traneport  in  the  cropopsuse  region  Is  the 
prlmlpel  just  If  lest  ion  for  their  use. 

We  have  to  date  retied  principally  on  the  work  of 
two  gr>Nipe  fur  2-D  modeling  etudlee  In  HAJ*!*.  The 
latest  pertinent  reeutCs  «»f  these  etforta  are  dee- 
rlhed  by  Widhopf  and  dldalf  and  trutsen^^. 

Again,  the  prlmlpa:  <1 , M i ultv  with  regard  to 


transport  Is  the  lack  of  fully  satisfactory  means 
for  establishing  the  validity  of  the  models*  cal- 
culated transport  of  trace  constituents.  In  the 
case  of  2-D  models  mentioned  above,  mean  meridional 
motions  are  Inputs,  and  three  sets  of  eddy  diffusion 
coefficients  (north-south,  vertical,  and  north- 
south/vert leal  coupling)  must  be  employed,  all  of 
which  must  be,  of  course,  mutually  consistent. 

There  is  no  well  accepted  set  of  such  data,  and  (as 
In  the  case  of  1-D  models)  considerable  intuition 
must  be  relied  upon.  It  Is  interesting  to  note,  at 
this  point,  that  the  need  for  measured  data  Is 
approximately  the  same  for  the  validation  of  all 
models:  1-D  models  need  the  same  raw  data  set  as  3- 
D models,  contrary  to  intuition,  if  they  are  ever  to 
be  "validated"  to  the  same  degree  of  confidence. 

The  only  difference  Is  the  degree  of  averaging  of 
the  raw  data. 

As  stated  earlier,  one  of  the  least  understood 
aspects  of  stratospheric  pollution  studies  Is  the 
exchange  of  air  across  the  tropopause,  i.e.,  between 
the  stratosphere  and  the  troposphere.  Such  exchange. 
In  the  downward  direction,  constitutes  an  important 
removal  mechanism  for  pollutants  injected  or  formed 
In  the  stratosphere  (e.g.,  radioactive  debris  or 
HNO3) , and  in  the  upward  direction  can  be  a source 
of  stratospheric  pollutants  (e.g.,  NO^  formation 
from  N2O) . It  is  appropriate  to  discuss  this  matter 
more  fully. 

A direct  calculation  of  stratospheric-tropospheric 
mass  exchange  Is  possible  in  principle  if  one  has  a 
knowledge  of  the  distributions  of  vertical  velocity 
and  concentration.  But  it  is  almost  impossible  to 
directly  observe  vertical  velocity  over  the  large 
scales  of  transport  which  are  important,  and  so  its 
value  has  to  be  Inferred  by  calculations  using 
synoptic  meteorological  data.  Unfortunately,  the 
known  techniques  of  doing  so,  (e.g.,  kinematic 
method,  adiabatic  method,  vorticlty  method)  are  all 
prone  to  large  errors.  If  one  can  tag  and  follow 
air  parcels  in  the  course  of  their  motion,  greater 
accuracy  could  be  achieved  in  determining  strato- 
spheric-tropospheric exchange . 

Relatively  inert  tracers  which  remain  In  suspension 
in  air  can  be  expected  to  move  with  the  parcels 
(unless  mixing  takes  place),  and  will  be  subject  to 
the  same  physical  constraints  as  the  parcels. 

Kxamples  of  such  tracers  are  ozone  mixing  ratio  (in 
the  lower  stratosphere)  and  radioactive  "fallout." 

Any  conservative  physical  property  of  the  parcel  can 
also  be  used  as  a "tracer"  with  equal  effectiveness, 
in  principle.  One  such  property  is  the  so-called 
potential  vorticlty,  which  is  conserved  during 
Isentroplc  motion. 

Mathematically,  potential  vorticlty  Is  a product  of 
the  measures  of  the  resistance  of  an  air  parcel  to 
vertical  and  horizontal  displacement.  Hence, 
heating  above  and  cooling  below  (i.e.,  increased 
vertical  stability)  increases  the  potential  vorticlty. 
Thus  the  heating  source  of  the  ozone  layer  generates 
large  values  of  potential  vorticlty  In  the  strato- 
sphere. Conversely,  heating  from  below  decreases 
potential  vorticlty.  This  Is  the  case  for  the 
tro(.oaphere,  which  la  heated  by  the  Earth's  surface. 

Reed^^  and  Reed  and  Danlelsen^^  have  shoim  that  the 
stratospheric  values  of  potential  vorticlty  exceed 
the  tropospheric  values  by  one,  two  or  three  orders 
of  magnitude.  This  circumstance  can  be  used  to 
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Cr«ce  ineru«ionA  of  Btratoitpheric  «ir  Into  the 
troposphere  and  vice  versa;  l.e.»  since  each  air 
parcel  conserves  its  value  of  potential  vorticity, 
the  air  of  stratospheric  origin  can  be  readily 
identified  even  after  it  is  considered  part  of  the 
troposphere . 

Uanielsen^^.  using  Isentropic  analyses,  studied 
stratospheric'tropoapheric  exchange.  He  showed, 
froa  in-situ  aeasureaents  of  radioactive  fallout, 
that  the  tropopause  ''folding'*  phenosienon  was  pre- 
dictable,  that  it  accoapanied  large-scale  cyclo- 
genesis and  that  the  stratospheric  air  could  be 
identified  by  both  radioactivity  and  potential 
vorticity.  Later^^  he  established  that  the  radio- 
activity and  ozone  aeasureaents  were  well  correlated. 

Thus,  potential  vorticity,  a purely  meteorological 
quantity,  can  be  used  to  analyze  stratospheric- 
tropospheric  exchange  without  incurring  the  large 
expense  of  making  synoptic  observations  of  ozone  or 
radioactivity. 

An  effort  has  been  initiated  under  the  sponsorship 
of  the  High  Altitude  Pollution  Program  to  develop  an 
objective  methodology  for  the  calculation  of  actual 
stratospheric-tropospheric  mass  exchange  by  exploi- 
tation of  the  "tracer"  characteristics  of  potential 
vorticity.  It  is  expected  that  development  of  this 
data  set,  using  worldwide  12-hourly  radiosonde  data, 
will  provide  a truly  meaningful  data  base  for  use  in 
the  development  and  test  of  models  which  more 
realistically  represent  transport  in  the  region  of 
the  tropopause.  The  task  is  a difficult  and  chal- 
lenging one,  which  will  take  several  years.  We  are 
confident,  however,  based  on  the  work  of  Danielsen^^, 
that  the  undertaking  is  worthwhile. 

Present  Understanding 


Tables  1 and  2 and  Figure  1 suomarized  the  status  of 
understanding  of  aircraft  effects  on  ozone  derived 
from  Che  ClAP,  NAS,  COMESA  and  COVOS  studies.  Since 
Che  publication  of  those  four  reports,  little  addi- 
tional information  has  been  gained  which  permits 
major  modification  to  the  approximations  they 
employed  to  represent  atmospheric  transport.  The 
must  detailed  work  performed  in  this  respect  was 
mentioned  earlier  (see  Appendix  B of  reference  27), 
and  Chang  et  al^^  have  adopted  this  slightly  modi- 
fied vertical  transport  estimate  in  their  modeling 
efforts.  What  la  significant,  however,  are  the 
major  edifications  to  our  understanding  of  aircraft 
effects  on  ozone  which  have  arisen  in  the  chemistry 
area.  These  changes  involve  two  principal  factors: 
a better  appreciation  of  the  uncertainties  In  our 
knowledge,  and  a reduction  in  Che  uncertainty  in 
several  chemical  reaction  rates  by  virtue  of  their 
measurement  in  the  laboratory;  and  the  discovery  of 
the  importance  of  chlorine  In  the  stratosphere,  with 
its  direct  and  indirect  influences  on  calculations 
of  aircraft  effects. 


Table  3:  Effect  of  Various  Choiistry  Changes  on 

Computed  Global  Ozone  Reductions  for  NO^ 
Injections  at  17  km  and  20  km  (see  text) 

Computed 

Change  Made Ozone  Reduction 

17  km 20  kn 


Start  (1974-reference  39) 

4.8 

■vll 

New  Chang  eddy  dlffusion^^ 

5.4 

12 

(N2O  hv)  changed  from 

Bates  and  Hayes^®  to 

Johnston  and  Selwyn^^ 

5.3 

12 

Add  "smog"  reactions:  OH  + CO2, 

0 + CH/j,  H2O2  + 0, 

HO2  + hv.OH  + CH^ 

4.8 

11 

OH  + HOj  (2  X 10"^°  2 X 10*^1) 

2.1 

6.4 

OH  + HNO3  (1.3  X 10-*3,8.gx  lO'l*) 

2.0 

6.0 

NOj  + hv  (branching,  NO  + Oo 
2/3(N02  + 0),  1/3(N0  + O2)) 

1.6 

5.2 

0(1D)  reactions  with  N2O,  N2, 

^2’  ^2^  changed  from 

llampson  and  Garvin  recommend- 
ations^^ to  Streit  et  al 
reconmendations^^ 

1.5 

4.9 

OH  + NO2  + M (Tsang*^  .Anaa- 
tasi  et  al^^) 

1.5 

4.8 

HO2  + HO2  (3  X 10-11  exp  (-500/T) 

► i.7  X 10-11  exp  (-500/X)) 

1.2 

4.3 

HO2  + 0 (8  X 10-11  exp  (-500/T) 

• 3 X 10-11) 

1.2 

4.2 

Note  that  Che  data  in  Table  3 still  do  not  directly 
address  stratospheric  chlorine,  which  is  now  be- 
lieved to  be  naturally  present  at  a level  of  about 
one  part  per  billion  (ppb)  in  the  stratosphere,  and 
is  increasing  owing  to  photolysis  of  fluorocarbons 
released  at  the  surface  in  the  past  decade  or  so. 
Including  about  Ippb  of  chlorine  In  the  above  model 
reduces  the  ozone  reduction  for  the  respective  17- 
and  20-km  NO^  injections  from  about  1.2Z  and  4.2Z  to 
about  0.7Z  and  3.3Z,  respectively.  This  arises  from 
Che  slowing  down  of  Che  catalytic  cycle  (reactions 
12  and  13)  by  reaction  24.  In  turn  reaction  21, 
when  subsequently  Included,  tends  to  increase 
somewhat  the  effects  of  the  NO^  catalytic  cycle 
again,  since  CIO  is  tied  up  as  CIONO2,  thereby 
slowing  reaction  24  relative  to  reaction  12.  (Though 
reaction  24  actually  reduces  the  amount  of  NO^ 
available  for  ozone  destruction,  Che  increased  speed 
of  reaction  12  more  chan  compensates  for  this.) 


To  best  understand  the  impact  of  changes  which  have 
taken  place  in  chemistry,  Table  3 lists  11  individual 
changes  which  have  been  made  (private  communications, 
D.  Wuebbles,  1976,  and  J.  Chang.  1977)  to  one  model 
discussed  in  Chang  and  Johnaton^^.  After  each 
change,  we  note  (to  only  two  significant  figures) 
the  newly  computed  globel  reduction  in  ozone  which 
is  calculated  for  a injection  of  2,000  mol  cm"^ 
sec*^  (2.5  X 10^  kg/yeer)  into  a 1 km  thick  layer 
centered  et  17  or  20  kn. 


Increasing  amounts  of  chlorine  in  the  stratosphere 
are  physically  inevitable  for  the  next  decade  or  so, 
since  the  fluorocarbons  which  will  cause  them  have 
already  been  released.  (Even  if  stopped  Instantly, 
fluorocarbon  releases  of  the  past  will  act  Co  In- 
crease the  stratospheric  chlorine  content  for  about 
a decade  as  they  are  slowly  transported  upwards,  as 
discussed  in  the  earlier  section  on  transport.) 
Realistically,  It  is  likely  that  the  chlorine  con- 
tent of  the  stratosphere  will  increase  for  a longer 


period,  owing  to  the  economic  and  political  diffi- 
culties in  developing  and  implementing  adequate 
substitutes  on  a world-wide  scale.  Thus,  any  model 
of  effects  from  aircraft  injections  cannot  be 
realistic  without  incorporating  chlorine  effects. 

But  it  is  difficult  to  gauge  future  stratospheric 
chlorine  contents  accurately,  and  about  all  that 
can  intelligently  be  said  is  that  for  about  the  next 
30  years  at  the  very  least,  the  effects  of  strato- 
spheric chlorine  will  reduce  the  sensitivity  of 
stratospheric  oaone  to  aircraft  injections  of  NOj^, 

Before  discussing  Figure  3,  it  is  important  to 
recall  the  comaents  in  the  earlier  section  on 
chemistry  about  the  major  significance  of  Howard  and 
Evenson's  recent  determination^^  of  the  very  rapid 
rate  for  reaction  22  (HOO  + NO),  and  its  Implica- 
tions. The  magnitude  of  this  effect  is  clear  from 
examination  of  Figure  3,  which  presents  a graphic 
display  of  the  data  In  Table  3 and  extends  that  data 
to  include  consideration  of  stratospheric  chlorine 
and  the  new  data  of  Howard  and  Evenson.  Figure  3 is 
intended  to  illustrate  how  one  model^^  has  been 
affected  by  knowledge  gained  in  the  last  two  or 
three  years.  It  Is  essential — and  this  cannot  be 
stressed  enough — that  we  remember  that  there  are 
still  major  uncertainties  and,  likely,  real  gaps  in 
our  knowledge.  It  is  possible — even  likely — that 
some  of  the  "revised'*  data  shown  on  Table  3 and 
Figure  3 will  be  revised  once  again.  In  addition, 
the  transport  coefficient  used  in  the  model  can  have 
a major  impact  on  its  output.  If  the  '*Hunten"^^ 
eddy-diffusion  coefficient  is  used  in  this  model, 
the  20-km  injection  of  Figure  3 is  calculated  to 
reduce  ozone  (as  shown  by  the  letter  "H"  on  Figure 
3),  and  the  production  of  ozone  by  I7-km  Injec- 
tions is  reduced  by  about  a factor  of  4.  Never- 
theless, one  cannot  escape  the  fact  that,  since  the 
completion  of  the  CIAP,  NAS,  COMESA  and  COVOS  studies, 
new  data  indicate  strongly  that  the  ozone  layer  is 
markedly  less  sensitive  to  injections  of  NOj^  by 
SSTs  than  was  concluded  by  these  studies.  At  this 
point,  the  sign  of  the  effect  (i.e.  ozone  decrease 
or  increase?)  is  not  at  all  clear. 


Figure  3?  Effects  of  changes  in  model  assumptions 
(ordinate)  on  calculated  global-ozone  reduction 
(abscissa)  for  a NO  Injection  of  2.46  x 10^^  gm/yr 
at  indicated  altitude  (after  Chang^^) . 


With  regard  to  subsonic  aircraft,  much  the  same  can 
be  said,  though  perhaps  with  more  confidence* 

Figure  4 is  essentially  the  same  as  Figure  1,  but  we 
have  added  a curve  which  is  broadly  representative 
of  the  results  of  studies  recently  described  by 
Widhopf^^,  Hidalgo  and  Crutzen^^,  and  those  at  the 
Lawrence  Livermore  Laboratory  (private  connunlcation, 
D.  Wuebbles,  1976).  These  results  have  recently 
been  well  summarized  In  detail  by  Oliver  et  al^^, 
and  do  not  account  for  chlorine  in  the  stratosphere, 
or  for  the  changes  required  to  take  account  of  the 
results  of  Howard^^  and  Evenson.  It  is  clear, 
however,  that  according  to  our  best  present  under- 
standing, the  effect  of  subsonic  (i.e.  below  about 
13  km)  flight  is  not  such  as  to  cause  ozone  reduction, 
but  might  be  to  even  slightly  enhance  ozone.  Con- 
sidering the  implications  of  including  effects  of 
chlorine  and  the  results  of  Howard  and  Evenson  on 
the  conclusions  implicit  from  Figure  4,  the  case 
against  ozone  reduction  resulting  from  subsonic 
aircraft  operations  Is  considerably  strengthened. 


Figure  4;  Same  as  Figure  1,  but  dashed  line  broadly 
represents  results  of  later  calculations  before 
accounting  for  the  presence  of  stratospheric 
chlorine  and  the  recently  measured^^  fast  rate  for 
HOO  + NO  (see  text  and  Figure  4;  after  Oliver  et 
all5). 

Uncertainty  Predictions 

It  was  mentioned  earlier  that  an  analysis  of  the 
uncertainties  in  model  predictions  of  effects  on 
ozone  is  difficult.  One  approach  that  has  proven 
quite  useful  is  that  of  Duewer  et  al^^  discussed 
briefly  in  the  section  on  chemistry.  An  inherent 
difficulty  In  any  such  attempt  is  the  extreme 
complexity  of  the  models  with  which  we  must  deal. 
They  may  involve  about  100  nonlinearly  coupled 
reactions,  and  dozens  of  different  reacting  species. 
Wliat  we  really  seek  is  a method  of  assigning  real- 
istic probability  distributions  to  the  error  in- 
herent in  each  input  parameter.  But  these  are  not 
solely  random  errors.  They  also  include  systematic 
errors,  not  readily  subject  to  assignment  of  error 
bounds.  Inductive  reasoning  simply  does  not  lend 
Itself  to  straightforward  error  analysis. 

Whereas  Duewer  et  al  used  intuition  and  a pains- 
taking trial-and-error  proces*.  ^n  their  analysis, 
Stolarskl  et  al^*  have  performeu  a different  anal- 
ysis of  errors  (in  this  case,  for  fluorocarbon 
studies,  but  the  general  results  and  methodology  are 
applicable  to  NOx  studies).  They  provide  results  in 
reasonable  agreement  with  the  brief  analysis  of 
uncertainties  describe  in  reference  27.  They 


eoployed  a 1-D  model  and  assigned  each  reaction  rate 
an  uncertainty  based  largely  on  estimates  of  Hanpson 
and  Garvln^^.  The  form  of  this  assigned  uncertainty 
was  that  of  a normal  (Gaussian)  distribution.  They 
then  performed  several  hundred  model  runs,  with  each 
of  the  48  reaction  rates  being  individually  varied 
according  to  its  assigned  probability  distribution, 
and  a Monte  Carlo  scheme  employed  to  propagate  the 
uncertainties  through  the  entire  model  calculation. 
They  concluded  that  a reduction  of  all  rate  measure'^ 
ment  uncertainties  to  ^15X  would  result  in  an  over- 
all uncertainty  of  t lOX  for  “a  given  calculation  of 
ozone  reduction,  but  that  with  present  uncertainties, 
"the  correspondence  to  a Gaussian  is  better  on  the 
high  side,  where  a one-sigma  uncertainty  of  a factor 
of  2 Is  found.**  Intuitively  we  would  expect  a 
somewhat  greater  uncertainty  on  the  low  side  (i.e. 
less  ozone  reduction  for  a given  ClOj^  Injection) 
since,  after  all,  less-than-zero  ozone  reduction  is 
possible,  but  reference  46  gives  no  further  details. 

The  approach  of  Stolarskl  et  al^^  appears  at  first 
glance  to  be  more  rigorous  than  that  of  Duewer  et 
al^^,  but  we  question  the  validity  of  assigning 
probability  distributions,  as  they  have  done,  to 
uncertainty  estimates  which  are  almost  surely  In 
error  for  systematic  reasons,  and  not  for  reasons  of 
a lack  of  measurement  precision.  With  the  assump- 
tion they  have  employed,  what  does  the  answer  really 
mean  from  a practical  viewpoint?  We  believe  both 
methods  to  be  useful,  especially  as  tools  for  man- 
agement of  scientific  programs  which  attempt  to 
assess  the  stratospheric  Impact  of  various  anthro- 
pogenic emissions. 

While  the  above  uncertainty  studies  are  useful  as 
management  tools,  we  believe  that,  given  the  present 
lack  of  measured  data  on  atmospheric  parameters 
which  affect  ozone  (Including  ozone  Itself),  and  the 
inductive  nature  of  the  fundamental  problem  under 
investigation,  neither  study  can  be  said  to  have 
given  a true  measure  of  uncertainty  (nor  do  they  so 
claim).  This  is  dramatically  borne  out  by  the 
analysis  of  Duewer  et  al  which  showed  the  impos- 
sibility of  ruling  out  even  highly  Improbable 
combinations  of  assumed  reaction  rates  by  comparing 
iDodel  predictions  with  available  atmospheric  meas- 
urements. The  precision  and  accuracy  of  the  exist- 
ing field-measurements  data,  coupled  with  the 
inherent  (and  frustrating)  natural  variability  of 
meteorological  parameters,  render  such  attempts 
useless  except  to  point  out  grossly  erroneous 
formulations.  This  capability  to  "bound**  the 
problem  should  not  be  treated  lightly,  however,  as 
it  can  occasionally  prove  quite  useful.  An  example 
of  an  analysis  of  atmospheric  measurements  which 
proved  useful  In  that  manner  Is  described  by  Ackerman 
et 

Caps  to  be  Filled 

We  are  able  to  Identify  a number  of  significant 
areas  of  uncertainty  which,  among  others,  must  be 
addressed  If  our  understanding  of  the  effects  of 
aircraft-NO„  emissions  on  stratospheric  ozone  is  to 
be  on  a solid  foundation.  These  are  outlined  below. 
In  no  particular  order  of  Importance: 

There  Is  an  essential  need  for  an  Improved  atmos- 
pheric data  base,  for  use  in  testing  and  calibrating 
atmospheric  models.  For  aircraft  studies,  we 
particularly  need  data  on  the  relationships  among 
various  Individual  species  of  the  NO^  family  In  the 


presence  of  ozone.  This  calls  for  truly  simultaneous 
(in  space  and  time)  measurements  of  the  NO^  con- 
stituents and  ozone  at  various  latitudes  and  seasons, 
as  a function  of  altitude  to  at  least  3S  km,  and 
preferably  higher  in  order  to  acquire  data  In  a 
region  of  photochemical  equilibrium.  Availability 
of  such  data,  really  an  extension  of  the  ongoing 
measurements  described  by,  for  example,  Evans  et 
al^^,  la  an  absolute  prerequisite  to  definitively 
establishing  the  role  of  alrcraft-NO^  emissions  in 
regard  to  stratospheric  ozone. 

As  discussed  In  the  section  on  transport,  we  see  a 
real  absence  of  data  which  may  be  used  to  emulate  or 
parameterize  transport  In  the  critical  altitude 
region  of  10  to  20  km  or  so.  Discrepancies  In  model 
results  due  only  to  transport,  such  as  those  shown 
on  Figure  3,  may  turn  out  to  be  a fundamental 
limitation  of  our  ability  to  predict  effects  of 
aircraft  on  ozone.  If  Figure  3 were  to  represent 
the  "final"  state  of  things  (which  we  suspect  It 
does  not),  the  difference  in  the  calculated  effect 
on  ozone  due  only  to  use  of  two  different  transport 
parameterizatlons  would  be  intolerable.  It  may  mean 
the  difference  between  predicting  adverse  and 
Insignificant  effects  on  ozone.  Presently,  there  Is 
no  rigorously  defensible  means  of  determining  which 
of  the  two  parameterizatlons  shown  (of  the  many 
available)  Is  "more  valid." 

Water-based  constituents— the  HOj^  "family"— play  an 
Important  role  In  the  stratospheric  ozone  balance. 
These  constituents  also  directly  and  Indirectly  bear 
upon  the  sensitivity  of  stratospheric  ozone  amounts 
to  changes  In  stratospheric  concentrations  of  other 
species,  including  ClOj^  and  NO^^.  Finally,  they  In- 
directly couple  ClOjj  and  ozone  cycles.  Yet  we 

do  not  have  a reasonably  good  basis  for  assigning  a 
value  to  the  amount  of  water  vapor  In  the  strato- 
sphere. The  recent  comprehensive  review  of  Harrles^^ 
demonstrates  the  point  quite  adequately.  There  are, 
then,  two  critical  needs  with  regard  to  water  vapor 
measurements:  development  of  instruments  capable  of 
measuring  water  to  heights  of  at  least  the  strato- 
pause  (about  30  km),  and  accomplishment  of  the 
measurements  themselves  to  provide  a reasonable 
global  stratospheric  Inventory  of  water.  As  a 
minimum  initial  step,  lower  stratospheric  water 
measurements  Initiated  by  Mastenbrook^^  must  be 
continued  and  expanded  to  several  additional  sites. 

Not  discussed  elsewhere  here,  it  Is  necessary  to 
point  out  that  the  uncertainties  In  determination  of 
aircraft  exhaust-NOj^  concentrations  first  pointed 
out  by  McGregor  et  al^^  have  yet  to  be  resolved. 

From  our  extensive  discussions  about  the  validity  of 
their  data,  we  can  only  conclude  that  one  is  neither 
able  to  dismiss  it  as  inaccurate  nor,  conversely, 
can  one  show  the  shortcomings  of  the  technique  (If 
there  are  any) . Accordingly,  one  must  acknowledge  an 
uncertainty  In  the  NO^  emission  rates  assigned  to 
aircraft  cruise  operations.  This  uncertainty  likely 
ranges  somewhere  between  the  order  of  tens  of 
percent  for  "dry"  engines  and  several  times  (up  to  a 
factor  of  4 or  3)  for  engines  which  employ  after- 
burning during  cruise.  Without  knowing  the  reason 
for  the  discrepancy  one  cannot  be  more  precise. 

As  stated  several  times  herein,  the  recent  work  of 
Howard  and  Evenson^^  carries  major  implications 
with  regard  to  our  understanding  of  the  maintenance 
of  the  stratospheric  ozone  balance.  This  work  must 
be  confirmed  by  an  Independent  experiment.  In 


addition,  the  work  of  Duewer  et  points  up  the 

crucial  role  played  by  a number  of  reactions  in 
which  the  species  participate.  These  also  need 

to  be  measured — some  have  not->and/or  be  independ- 
ently verified. 

We  do  not  presently  have  a reasonable  idea  of  the 
global  ozone  inventory,  or  its  variability  with 
altitude,  season  and  latitude.  This  is  a critical 
void  and  should  be  rectified  as  soon  as  possible. 
NASA  is  in  the  process  of  attempting  to  analyze  data 
acquired  since  1970  on  its  NIMBUS  4 satellite,  but 
the  complexity  of  such  a task  (**after  the  fact") 
makes  the  date  of  availability  of  this  information 
uncertain.  FAA's  HAPP  is  sponsoring  a study  of  the 
feasibility  of  acquiring  global  total  ozone  data 
from  the  Departaient  of  Defense  Block  3D  Satellite; 
ozone  data  from  this  study  are  not  assured,  because 
of  the  exploratory  nature  of  the  effort.  We  turn, 
then,  to  the  Ozone  Data  for  the  World,  published 
under  the  auspices  of  the  World  Meteorological 
Organization^^.  But,  as  the  spirited  discussions  at 
the  Scientific  Seminar  on  Stratospheric  Monitoring 
(Paris,  France,  March,  1977)  showed,  there  are  a 
number  of  problems  in  actually  trying  to  use  this 
data,  all  of  which  is  always  labelled  "preliminary." 
Clearly,  the  lack  of  validated,  carefully  analyzed 
data  on  the  very  substance  at  the  center  of  all 
stratospheric  studies  is  a situation  which  cannot  be 
tolerated  if  the  subject  is  to  be  taken  seriously. 

In  the  section  on  chemistry,  we  alluded  to  the 
complexities  of  the  stratosphere's  chemical  system, 
the  number  of  circuitous  feedback  paths,  and  the 
nonlinear  nature  of  the  system.  We  also  later  made 
reference  to  the  complexities  of  stratospheric 
transport;  Scorcr^^  has  pointed  out  the  "layering" 
that  can  take  place  in  this  regard.  In  our  view, 
there  is  a deep-seated  need  for  exploration  of  the 
effects  of  these  factors  in  models.  Instead  of 
being  satisfied  with  accepting  the  results  of  models 
which  compute  results  based  on  smoothly  varying 
temperature  and  concentration  profiles  for  all 
species,  we  must  determine  the  sensitivity  of  these 
calculations  to  the  jagged  profiles  that  we  know 
from  actual  measurement  to  be  more  realistic.  It 
could  turn  out  that  nonlinearities  of  the  strato- 
spheric system  will  produce  surprising  results  from 
such  an  analysis. 

Finally,  we  note  here  the  need  to  continue  to  use 
and  improve  upon  the  uncertainty  analyses  described 
earlier.  It  would  be  helpful  if  an  analytic  tech- 
nique could  be  developed  which  could  be  economically 
employed  to  determine  the  overall  sensitivity  of  a 
model  output  to  changes  in  a given  input  parameter, 
especially  if  all  other  Identifiable  uncertainties 
were  properly  considered  in  the  process.  That  is, 
while  it  is  helpful  to  know  the  sensitivity  of  the 
output  to  a change  in  one  input,  all  others  being 
held  fixed,  this  is  not  the  coi^>lete  story.  The 
nonlinearity  of  these  models  could  be  such  as  to 
make  a model  appear  to  be  insensitive  to  variations 
in  one  parameter,  but  if  that  parameter  and  another 
arc  simultaneously  varied,  the  results  might  be 
vastly  different.  With  as  many  uncertainties  in 
input  parameters  as  have  already  been  discussed,  it 
should  not  be  surprising  that  we  call  for  develop- 
ment of  such  an  analytic  capability. 

Host  of  the  above  research  needs  are  presently  being 
addressed,  in  one  form  or  another.  Major  active 
programs  in  the  United  States  Include  those  of  the 


Environmental  Protection  Agency  (with  regard  to 
engine  emission-rate  measurement  and  fluorocarbon 
chemistry),  the  National  Aeronautics  and  Space 
Administration  (having  a major  research  effort  in 
this  field).  National  Oceanic  and  Atmospheric 
Administration  (especially  through  Its  Boulder 
Laboratories,  the  National  Weather  Service  and  its 
Geophysical  Fluid  Dynamics  Laboratory),  the  National 
Science  Foundation  (through  its  support  of  academic 
atmospheric  sciences  research  generally,  and  of  the 
National  Center  for  Atmospheric  Research),  and  the 
Federal  Aviation  Administration  (through  its  High 
Altitude  Pollution  Program).  On  an  international 
level,  there  is  considerable  work  in  France  and  the 
United  Kingdom,  of  which  we  are  kept  abreast  through 
arrangements  under  the  Tripartite  Agreement  on 
Stratospheric  Monltoring^^ , and  a number  of  specific 
bilateral  agreements.  The  recent  decision  of  the 
International  Civil  Aviation  Organization  to  form  a 
Coanittee  on  Aircraft  F^missions  chartered,  among 
many  other  things,  to  make  recommendations  on 
stratospheric  emission  standards,  is  a good  example 
of  the  seriousness  of  purpose  which  the  aviation 
community  feels  in  regard  to  these  questions. 

Lastly,  we  must  point  to  the  developing  program  of 
the  United  Nations  Environment  Programme  (UNEP)  in 
the  field  of  stratospheric  ozone.  It  is  strongly 
lioped  that  UNEP  will  be  successful  in  catalyzing  the 
international  scientific  cooperation,  especially 
with  regard  to  atmospheric  monitoring,  that  is  so 
clearly  necessary  for  proper  understanding  of  these 
matters. 

Concluding  Remarks 

From  the  preceding  discussion,  it  should  be  evident 
that  a number  of  significant  changes  in  our  under- 
standing have  taken  place  since  the  completion  of 
the  CIAP,  NAS,  COMESA  and  COVOS  studies.  (A  de- 
tailed sunsnary  of  our  understanding  at  the  time  of 
these  studies  (August,  1975)  may  be  found  in  refer- 
ence 34.)  The  existence  of  this  new  data  should  not 
be  allowed  to  create  an  atmosphere  of  complacency, 
however.  Much  of  the  Information  described  above, 
especially  with  regard  to  new  chemical  reaction-rate 
data,  needs  independent  verification  before  it  can 
be  accepted  with  confidence.  Further,  in  the 
previous  section  we  outlined  some  of  the  major  gaps 
which  still  exist  In  our  understanding.  Future  data 
may  not  be  as  encouraging — from  the  aviation  com- 
munity's vie%/point — as  has  been  the  case  with  data 
acquired  in  the  recent  past. 

We  also  hasten  to  point  out  that  this  discussion  has 
focused  on  NO^  effects  on  ozone.  What  about  those 
of  water?  The  natural  ozone  production-destruction 
system  must  remain  balanced,  and  the  fact  that  ozone 
is  less  sensitive  to  NO^  increases  than  previously 
believed  means  it  must  be  more  sensitive  to  other 
perturbations.  ClO^  has  taken  up  some  of  the 
"slack,"  and  HOjj  has  absorbed  the  rest.  Thus, 
detailed  evaluation  of  perturbations  to  ozone  from 
water  in  aircraft  exhaust  needs  to  be  considered 
once  again.  (Preliminary  analysis  of  the  sensi- 
tivity of  ozone  change  to  aircraft  emissions  of 
water,  taking  Into  account  the  most  updated  chemistry, 
indicates  (private  communication,  J.  Chang,  1977) 
only  a modest  effect.) 

With  the  limitations  we  have  described  here  in  mind, 
and  drawing  attention  to  the  comprehensive  sumaary 
of  effects  prepared  by  Oliver  et  al^^,  we  note  the 
conclusions  we  believe  may  be  dra%m: 
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1.  Realistic  projections  to  1990  of  air  traffic 
growth  for  the  world  aubaonic  fleet  of  aircraft 
indicate  that  ozone  will  not  be  significantly 
affected  by  those  aircraft,  with  a marginal 
increase  in  ozone  now  being  actually  predicted. 

2.  Furthermore,  analysis  of  the  effects  of  subsonic 
aircraft  emissions  (i.e.  those  below  a nominal 
15-ka  altitude)  indicates,  contrary  to  previous 
studies,  that  given  our  present  understanding 
subsonic  aircraft  NO^-emissions  cannot  forsee- 
ably  result  in  osone  reduction  irrespective  of 
fleet  size  (within  reasonable  bounds). 

3.  Earlier  est imBtes^v^tS*^  of  ozone  reduction 
from  SST  emissions  of  at  17  to  20  km  appear 
to  have  been  substantially  in  error.  Based  on 
simple  1~D  models,  our  present  understanding 
leads  to  predicted  ozone  perturbations  of  an 
absolute  magnitude  markedly  smaller  than  given 
previously  in  these  studies  and  outside  their 
ranges  of  estimated  uncertainty  (if  any  were 
given) . 

4.  For  the  first  time,  we  can  state  that  it  is 

questionable  whether  emissions  from 

*'Concorde-like  '*  SSTs  (flying  at  about  17  km) 
reduce  ozone  at  all.  Present  results,  of  1-D 
models  which  consider  both  tropospheric  and 
stratospheric  chemistry,  indicate  that  they  do 
not,  though  these  new  data  need  verification 
before  we  can  completely  accept  this  important 
f indlng . 

5.  Similarly,  the  effect  of  emissions  from 
aircraft  cruising  at  20  km  is  in  doubt,  though 
small  ozone  reductions  for  very  large  fleets  of 
such  aircraft  are  still  predicted  by  some 
models. 

6.  2*D  models  (and  3-D  models,  if  possible)  must 
be  used  to  corroborate  the  present  results  from 
1-D  models  regarding  SST  perturbations;  the 
ability  of  1-D  models  to  predict  Che  direction 
of  ozone  perturbations  (I.e.  Increase  or 
decrease)  is  severely  strained  when  Che  abso- 
lute magnitude  of  the  effect  is  near  zero,  and 
latitudinal  variations  In  average  ozone  effects 
may  be  of  importance  in  a complete  assessment 
of  the  problem. 

7.  There  la  a clear  need  for  more  data  on  trace 

constituents  in  the  atmosphere  (especially 
simultaneous  measurements  of  species,  and 

measurements  of  HO  species),  for  laboratory 
Dieasurementa  of  critical  chemical  reaction 
ratea,  for  development  and  use  of  uncertainty 
analysis  tools,  and  for  a better  understanding 
of  transport  in  the  IO>  to  20-km  altitude 
region. 

In  summary,  present  understanding  indicates  that 
there  is  no  iminent  threat  of  ozone  reduction  from 
any  type  of  existing  aircraft,  though  substantial 
uncertainties  remain.  Thus  there  appears  to  be  no 
immediate  requirement  to  develop  reguletlone  which 
would  mandate  a reduction  in  cruise-altitude  emis- 
sions of  subsonic  or  supersonic  aircraft.  There  la 
e clear  neceesity  for  continued  study  to  reduce 
remaining  uncertainties,  end  to  esteblieh  e uniform 
end  internet ioneily  agreed  accurate  NO^  emieslon 
measurement  echeme.  Building  e framework  for 
regulation  (If  neceseery)  of  future  typea  of  hlgh- 


altltude  aircraft,  such  as  those  frequently  referred 
to  as  a "second-generation  SST,"  or  the  even  higher 
flying  hypersonic  transport  (HST) , la  also  nec- 
essary. Activities  of  the  new  ICAO  Committee  on 
Aircraft  Emisslona  should  be  encouraged  to  proceed 
in  an  orderly  fashion  along  these  lines. 
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